Abstract-One of the most challenging issues of Internet of Things (IoT) devices is energy consumption. A massive deployment of connected devices is power hungry. Maximizing the energy efficiency of their batteries reduces the maintenance cost and extends their autonomy and then their utility. To address this issue, this paper proposes the introduction of index modulation on single carrier-frequency division multiple access (SC-FDMA) uplink transmissions for cellular IoT and machine-to-machine (M2M) networks. It is shown that the proposed SC-FDMA with index modulation (SC-FDMA-IM) scheme achieves 50% of energy efficiency increase, while improving the bit error rate performance by up to 3.5 dB of E b /N0 for the same spectral efficiency performance. However peak-to average power ratio (PAPR) performance are decreased, and PAPR reduction techniques have to be used for this scheme.
I. INTRODUCTION AND MOTIVATIONS
Machine-to-machine (M2M) communications and more generally internet of things (IoT) communications enable devices to sense their environment, exchange this information among themselves with direct connectivity without human intervention. This data can also be shared actively with humans to allow intelligent decision making. It affects our whole life and our entire ecosystem.
One of the most challenging requirement of countless range of IoT applications, is to achieve energy efficiency high enough to offer ten years of battery lifetime for end devices. Low power wide area (LPWA) [1] technologies have been designed to meet the requirements of M2M and IoT applications in terms of low energy consumption and wide coverage. Unlike traditional cellular technologies, LPWA offers sets of features to low power devices at the expense of low data rates.
The 3rd generation partnership project (3GPP) 1 enters the M2M and IoT market through the recent proposition of LTE Category M (LTE-M) [2] (also known as enhanced machinetype communications (eMTC)) and Narrow Band-IoT (NB-IoT) [3] standards in Release-13. In addition to improving the range, reducing the complexity, and the cost of the devices, these cellular solutions adopt two saving power modes in order to prolong the battery lifetime of the devices. The power saving mode (PSM) and the extended discontinuous (eDRx) reception mode enable end devices to enter in a deep sleep mode for hours or days while maintaining their network registration.
In this paper, we propose index modulation (IM) [4] as a power saving technique for cellular IoT uplink communications. IM technique consists of selecting a set of sub-carriers for each symbol, the selected sub-carriers will carry on the input data symbols while the rest of the sub-carriers is turned off (an idea first reported in [5] , [6] ). Additional information is coded through the choice of sub-carriers indices in a given symbol. Several variants of indexing have been proposed in the literature in order to increase the spectral efficiency [7] , and enhance the bit error rate (BER) performance [8] .
Index modulation has been proposed for 5G wireless networks for the design of downlink transmission protocols [9] , [10] . However, we believe that applying IM to the uplink cellular IoT standards is more relevant, since the complexity is offloaded from end devices and kept at the receiver. This application is also motivated by the consideration that IM is more efficient in low modulation orders and for low number of carriers [11] . This paper shows that applying index modulation to SC-FDMA for NB-IoT and LTE-M allows an increase of 50% in terms of energy efficiency and 3.5 dB gain in terms of E b /N 0 compared with classical SC-FDMA for the same spectral efficiency performance. In [12] , index modulation has been applied to single carrier frequency domain equalization (SC-FDE) system, but the multiple access analysis as well as PAPR and BER performance evaluation for different access modes have not been studied in the previous work. In addition, our study is particularly applied to M2M and IoT applications.
Section II defines the principle of SC-FDMA-IM scheme, while Section III analyses the performance of the proposed scheme in terms of spectral efficiency, energy efficiency, PAPR, and BER for different access modes. Section IV concludes the paper and gives some directives for future work.
II. SC-FDMA WITH INDEX MODULATION
A. SC-FDMA-IM principle Fig. 1 depicts the principle of SC-FDMA-IM transceiver. Let U be the total number of users. User u has m u bits to transmit which are introduced to the index modulation block. IM processing for a user u is based on the following parameters: G u is the number of groups within an SC-FDMA-IM block symbol of duration T , n u is the number of sub-carriers in each group, and k u is the number of active sub-carriers in each group. In our case, k u is supposed to be fixed for every group and during the transmission in order to reduce the complexity. A more flexible selection of the active number of sub-carriers has been proposed in [7] to increase the performance in terms of spectral efficiency.
A stream of m u = G u (m is the number of bits to be mapped to an index set of actives sub-carriers, and m
is the number of bits mapped to M-ary constellation symbols. The total number of active sub-carriers is denoted K u = k u G u and the total number of the allocated sub-carriers for a user u is N u = n u G u . The index selection is performed by applying a selection procedure such as a look-up table or a combinatorial mapping. More details on IM can be found in [4] .
Dividing the input information bits m u into G u groups is relevant for the order of the implementation complexity. For G u = 1, the binomial coefficient Nu Ku can take large values which make the implementation of the system computationally unaffordable.
As depicted in Fig 1 , the index modulation procedure is applied for each user u, and then an N u -point-DFT (discrete Fourier transform) is performed on the output vector, which contains symbols from a pre-defined constellation and zeros associated to the inactive sub-carriers. The DFT operation is followed by a sub-carrier mapping in order to establish the access mode of the users, and a N FFT -point-IDFT (inverse discrete Fourier transform) is then applied for each user separately. A similar inverse procedure is performed at the receiver side along with a channel equalization and a minimum distance detection.
B. Multiple access modes
The sub-carrier mapping depicted in Fig we investigate the interleaved sub-carrier mapping and the localized sub-carrier mapping. In the interleaved sub-carrier access mode, the DFT outputs of the input data are allocated in equidistant frequency spacings over the entire bandwidth with zeros occupying the unused sub-carriers, whereas consecutive sub-carriers are occupied by the DFT outputs of the input data in the localized sub-carrier access mode. Note that there is difference between the aforementioned unused sub-carriers and the inactive sub-carriers related to index modulation. The unused sub-carriers in the access modes will be reserved for other users. The inactive sub-carriers resulting from index modulation block remain inactive during the whole transmission.
Let
the data sequence at the output of the N u point DFT for user u. Fig. 2 represents an example of the sub-carrier mapping modes for a number of users equal to U = 3, N FFT = 12, and N u = 4 for each user.
III. PERFORMANCE ANALYSIS
To demonstrate the interest of the proposed scheme for cellular IoT applications, SC-FDMA-IM and SC-FDMA performance are compared in terms of spectral efficiency, energy 
In SC-FDMA-IM, k u sub-carriers are selected out of n u for each group, and log 2 (M) data bits are assigned to each selected sub-carrier, the effective bit rate for each user u is equal to:
Knowing that the allocated bandwidth W u to a user u is given by ∆F N u , we get the following total spectral efficiency expression:
2) Spectral efficiency increase for different numbers of users:
We define the spectral efficiency increase as
where ξ 0 is the spectral efficiency of the benchmark classical SC-FDMA. In order to evaluate the spectral efficiency increase of NBIoT applications, we consider the parameters shown in Table I . We assume that each user is allocated at least an integer number of resource blocks (RB), such that the length of each RB is 12 sub-carriers. Knowing that the allocated bandwidth counts 6 RB as supposed in this example, the possible number U of users that can have access to the allocated bandwidth at the same time is then U ∈ [ [1, 6] ]. Adding the assumption that the bandwidth W is allocated equally to each user, the possible number of users becomes U ∈ {1, 2, 3, 6}. In fact, we can have one user that occupies the whole bandwidth, or 2 users with 3 RB each, or 3 users with 2 RB each, or 6 users with 1 RB each. Hereafter, we consider that, for each transmission all the users divide their allocated bandwidth W u to the same number of groups G U . The values of the number of groups for each user depend then on the number of users U within the fixed allocated bandwidth W . For each group of sub-carriers, only round(αn u ) 2 are active out of n u , such that α is chosen to be equal to 3 . Equation (5) becomes:
Equation (6) is illustrated in Fig. 3 for different numbers of groups when U ∈ {1, 2, 3, 6}. We can observe that, in general, increasing the number of users reduces the spectral efficiency of SC-FDMA-IM. This can be explained by the fact that, for the same total allocated bandwidth, if we reduce the number of users, the index modulation of each user is applied to a larger bandwidth, which allows groups with larger lengths, then the number of possible active sub-carriers combinations gets higher. Hence an increase in terms of spectral efficiency.
3) Suitable number of groups:
The different curves in Fig. 3 indicate that the spectral efficiency depends on the number of groups G U considered for each value of U . Grouping the data bits reduces the number of possible combinations from NU KU to 2 round(.) is a function that rounds the input to the nearest integer. 3 In [11] , the authors have proven using Stirling's approximation of the binomial coefficient, that for a large number of sub-carriers, α approaches a spectral efficiency maximizing value given by α =
, which reduces the complexity of the detection at the receiver side, since the detection of the used combination of active sub-carriers is performed over each group. From Fig. 3 , we can observe that the following number of groups achieves the same spectral efficiency than classical SC-FDMA i.e the spectral efficiency increase is set to zero (ρ = 0), while having a small number of sub-carriers (3 or 4) and then reduced complexity:
B. Energy efficiency
In several IoT and M2M applications (especially massive M2M schemes), the spectral efficiency may not be the only most relevant performance criteria. Numerous applications tolerate a spectral efficiency decrease in order to save energy so that the batteries lifetime lasts longer. In order to save energy in SC-FDMA-IM, we will activate the lowest possible number of active sub-carriers while maintaining the same spectral efficiency than classical SC-FDMA and a low implementation complexity. Therefore, the following configuration is chosen:
We define the energy efficiency E(bits/Joule) as the total amount of bits normalized by the energy. The energy efficiency increase is then expressed as
where the index IM relates to SC-FDMA-IM, and the index 0 stands for the benchmark SC-FDMA. Applying the settings of (8), the energy efficiency increase is equal to:
= −50%.
Note that the minus sign in (11) means that there is a reduction in terms of energy. Thanks to its ability to carry more data while sending less number of bits, the introduction of index modulation reduces the energy consumption by 50% which is a significant improvement, especially for low-power wide-area networks.
Similar analysis of spectral efficiency and energy efficiency can be conducted for LTE-M using the parameters in Table I . It leads to the same significant result of 50% energy consumption reduction following the same aforementioned steps. C. PAPR performance In this section, the PAPR performance is studied using the parameter settings reported in Table I . For NB-IoT, we assume that 6 users share equally the bandwidth U = 6 (1 RB is assigned to each user). In LTE-M, the user occupies 6 RB. For each user, the grouping is performed so that the total number of sub-carriers per group n and the active number of subcarriers k within this group are set to (n, k) = (4, 1). These settings insure reaching 50% of energy efficiency increase and a same spectral efficiency as SC-FDMA along with low implementation complexity as given by (8) and (11) . In fact, since only one sub-carrier is activated in a group of 4 subcarriers, the number of combinations per group is reduced to four.
The PAPR performance of NB-IoT and LTE-M for localized and interleaved access modes is evaluated through the complementary cumulative distribution function (CCDF) which is the probability that the PAPR exceeds some value γ. The results represented in Fig. 4 and Fig. 5 show that the introduction of index modulation in SC-FDMA for NB-IoT and LTE deteriorates the PAPR performance for the difference access modes. The resulting difference in terms of PAPR performance becomes less important when we increase the number of sub-carriers (the length of the IDFT). Moreover the 4-QAM (M = 4) constellation used in SC-FDMA-IM leads also to the observed PAPR increase compared with BPSK (M = 2) in SC-FDMA. Hence, it is important to apply a PAPR reduction technique to address this issue.
D. BER performance
The BER performance is evaluated in a frequency-selective Rayleigh fading channel represented by the channel impulse response coefficients: h = (h(1), h(2) . . . h(ν)). We assume that all the coefficients are circularly symmetric complex Gaussian random variables with CN (0, 1 ν ) distribution. The associated BER performance results are displayed in Fig. 6 for NB-IoT and in Fig. 7 for LTE-M. For signal recovery, a minimum mean square error (MMSE) equalization is employed along with a minimum distance detector. In order to provide a mapping between the index set of active sub-carriers within a group and incoming bits, a mapping table is implemented in both transmitter and receiver sides. The look-up table selection is given in Table II . The same simulation parameters employed in Section III-C are considered in this part. We can see that the SC-FDMA-IM scheme achieves a gain of 3.5 dB (3 dB respectively) in terms of E b /N 0 for BER = 10 −4 for NBIoT (LTE-M respectively) interleaved mode and 3 dB (2.5 dB respectively) in the localized mode. IM allows more favourable spectrum spacing than the classical modulation, which explains the interesting improvement in BER performance.
IV. CONCLUSION
In this paper, we have introduced the index modulation to the SC-FDMA scheme for uplink M2M and IoT transmissions using LTE-M and NB-IoT standards for both localized and interleaved access modes for multiple users. For the same spectral efficiency as classical SC-FDMA-IM, we have showed that index modulation can lead to a gain of 50% in terms of energy efficiency while maintaining an affordable transceiver complexity. Due to favourable spectrum spacing resulting from index modulation, the BER is improved at the cost of a PAPR increase. Therefore, PAPR reduction techniques need to be used. We believe that this significant result encourages more studies on SC-FDMA-IM, especially for IoT and M2M applications. 
